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HENJ?-CAPACITY~S OFTITMmlMANDOFAHYDRIDE
OFTITANIUMFOR~ FROM4° TOl~” K
INCLUDINGA DEINZEDDESCRIPTIONOFA SPECIAL
ADIABATICSPECIFIC-HEATC~
ByM.H.Aven,R.S.Craig,smdW.E.Wallace
Anadiabatics~c~ic-heatcalorimeterbridgingtheintervalbetween
‘4°and15°K temperaturesisdescribed.Theinstrumentusesa constant-
volmeheliumgastherrnometerastheworkingtbmmometer.Thesampleis
placedirectlyinthegas-thermcmeterbulbwhichthusactsasthesample
container.A semiautomaticd rect-readingmanometerisusedforrapid
pressuremeasurements.
Heat-capacitymeasurements,employingthiscalorimeter,weremade
ona ssmpleof8.0289gramatomsofhigh-puri@titaniumcoveringthe
rangeof4°to15°K. Uptoabout13°K thedatacanberepresentedby
theequationC = 3.38x 10-3T+ 2.596x 10-5T3whereC isheatcapac-
ityinjoulespr grsmatomdegreeand T isabsolutetemperature.The
averageclifferencebetweenthemeasuredvaluesandthosecmputedfrcun
theequationis1.57~rcent.
Ekat-capacitymeasurementswe-malsomadeona sampleconsisting
of‘7.558gramatcuusoftitaniumaud2.563gramatoms“ofhydrogen.II@
to13°K theheatcapacityofthesamplewasfoundtoobeytheequation
c O.024zl! + 2.294 x 10-%3joulesperdegree,withtheaveragediffer-
encebetweenmeasuredml calculatedvaluesof C equalto0.56percent.
Theinterpretationoftheresultsisdiscussedonthebasisoftheassump-
tionthatthemmpleconsistsoftwophases,oneofpuretitaniumTi
andthe otheroftitanium
lhconnectionwitha* dealingwiththeenergies
andhydrogenT~;
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calorimeterhasbeendevelopedforuseinthetemperaturerangeof4°
to15°K. Severalfeaturesdistinguishthiscalorimeterfromthemore
. conventionalinstrumentsccmmumlyusedinthisrange.Theseare(1)the -
terastheworking thermometer,useofa constant-volumegastbermcm
ratherthanthemorecomonsemiconductingresistanceelepents;(2)tbe
inclusionfthesampledirectlyinthechamberofthegasthermometer
toassurethemalcontactbetweenthessmpleandthegas;(3)a cooling
methodwhichemploysa Moneltubetotrsmsferthecoolingagentothe
samplecontainer,thusavoidingtheuseofheliumexchangegasinthe
vacuumjacket;and(4)theuseofanadiabaticshieldemployinga special
thermocoupletoindicatetbetemperaturedifferenceb tweenthessmple
anditsenvironment.Becauseofitsdistinctiveness,thisinstrumentis
describedhereinindetail.
Theprinciplesdmofthisresearchassetforthinitiallywasto
-asure,usingthespecialcalorimeter,theheatcapacitiesofpuretita-
niumTi andoftitaniumcontainingvariousamountsofdissolvedhydro-
gen TiH between4°and15°K. Measurementsoftheheatcapacityof
metalsattemperaturesn arabsolutezeroyieldinformationconcerning
thebeatcapacityoftheconductionelectrons,whichisinturnrelated
tothedensityoftheelectronicenergystatesinthemetal.JYthe
hydrogenexistsinthemetalasprotons,andiftheelectronsfromthe
hydrogenatomsentertheconductionbandofthemetal.,itwouldbe
expectedthatthedegreetowhichtheavailableener~statesinthe ,,
conductionbandarefilledcouldbealteredbyvaryingthequantityof
hydrogendissolvedinthemetal.Theresultsoftheseexperimentswould
permitconstructionofa portionofthecurverepresentingthevariation
ofthedensityofstatesasa.functionofenergy.
Whenthese xperimentswerestarted,thebestavailableinformation
concerningthecrystalstructureofthetitanimhydridesatroomtem-
peraturewasgivenina publicationbyH&g (ref.1). H&g indicated
thattitaniumwoulddissolveupto33atomicpercentofhydrogenwhile
stillretaim@thehe~Oti crystalhabitof~ titanium.The
latticeparametersshoweda steadyincreaseasthehydrogencontent
be- larger, butnosecondphaseappzreduntiltheabove-mentioned
concentrationldmitwasexceeded.Ita~ared thenthatnofundamental
difficultystoodinthewayofcarryingthroughtheinitialexperimental
plan. Hdwever,a recentpibl.ication(ref.2)bya researchgroupcov-
eringworkdoneattheBattelleMemorialInstituted scribesxperiments,
theresultsofwhicharequiteatvariancewithH&&’sfindings.These
workersfoundthathydrogencannotberetainedbycctitanimatlowtern.
peratures,butthatuponcoolingtoroa temperaturea face-centered
cubicstructureappears.T!bisnewphaseisknownasthe7phaseand
appearstobeidenticalwithH&g’s~phase.Thereasonsforthedis- 1-
agreementbetweenH& andthemorerecentworkersarenotclear.One
reasonforYhelackofclarityisthatH& didnotcompletelydescribe
thedetailsofhistreatmentofthesample.Thepossibilityissuggested“
.
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thatclifferencesinssmptipuritymightaffectheretentionfhydrogen.
ExtremelyhighpuritytitaniumhasbecomeavailableonlysinceHagg’s
work.
E@m?iencegainedinthepresentresearchbearsoutthefindings
(ref.2)ofIenning,Craighead,andJaffeeofBattelle.PowderX-w
photographsofthessmpleusedhereinshowevidenceoftwophaseseven.
athydrogenconcentrationsbelow10atomicpercent.Thus,theinitial
objectiveofpreparinghomogeneoussemplesofvaryinghydrogencontent
couldnotberealized.Twopossiblecoursesofproceduremeined:
(1)Heat-capacitymeasurementscouldbeperformedonssmplescontaining.
twophases,titaniumandthe7 phase(hydride),realizingthatcomplete
andunambiguousinterpretationoftheresultsmsyhavetobepostponed
untilmorepreciseinformationabouthephasediagramoftheTiHsystem -
atroomtemperaturebecomesavailable,or (2)sufficienthydrogencould
beaddedtothesampletoconvertitcompletelytothe7phase.For
thissecondprocedurethehydrogencontentwouldbevaried%etweenapprox-
imately50and66at-c percentina homogeneoussystemhavinga face-
centeredcubicstiucture.Ina sense,thissecondprocedurewouldbe
disadvantageousinthatanyconclusionsconcerningthedensityotstates“
whichmightbededucedfromthedatawouldnotbeapplicabletohexagonal
titanium.Perhapsamorepracticalobjectionarisesfromthefactthat
theintroductionofsufficienthydrogentoconvertthessmplecompletely
tothe7 phaseproducesa verybrittlestructurewithmanyriftsand
cracks,havinginallprobabili~a relativelyhighsru?facearea.Since
measurementsonssmplesofthissortaresubjecttotheuncertainties
introducedbyheliumadsorption,procedure(2)wasruledout.Accord-
ingly,a ssmplewaspreparedwhichconsistedof7.556grsmatomsoftita-
nimnand2.563gramatomsofhydrogenandwhichwasa mixtureofthe
a andy phases.Thus,thisreportdescribestheheat-capacitymeasure-
mentsonthisalloyandona ssmpleofpuretitanirm.
ThisworkwasconductedattheUniversityofPittsburghunderthe
,sponsorshipandwiththefinancislassistanceoftheNationalAdvisory
CcmmitteeforAeronautics.
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General.Description
Mostofthepreviouslyreportedcalorimetricmeasurementsinthe
rangebelow10°K havebeencarriedoutbytheuseofresistancether-
mometers,carbonandothersemiconductorsbeingcommonlyused(refs.3
and4). Wile thesethermomet rshavehighsensitivity,allofthem
mustbe&libratedagainstsomestandardthermometricdevice,usually
a heliumvapor-pressureth rmometer.Moreover,theconversionfresist-
ancemeasurementsintotempemimresisnotalw~sunambiguous.AboVe
thecriticaltemperatureofheliumonehaseithertointerpolatebetween
thehighestobtainablepointontheI.iquid-heliwnvapor-pressurescale
(ref.3)ortocalibrateheresistancethermometeragainsta heliumgas
thermometer( ef.5).
Theuseofthegasthermometerastheworkingthermometeravoids
thisproblemofcalibration.Thesuccessfulapplicationofthegas
..
thermometerinthiscapacityreg@resaccuratedeterminationofthe
dead-spacevolumesbeforeassemblyandrigorouscontrolofthetempera-
turedistributionalongthethermometertube.A methodofmakingrapid
andaccuratepressuremeasurementsisalsoessential,and.asemiautomatic
direct-readingmanometerhasbeenconstrictedwhichrendersthemeasure-
mentofpressure”bothmnvenientandrapid.
Thewsysinwhichthespecialfeaturesofthecalorimeterareincor-
poratedintheapparatuswKD bebroughtoutinthefol.lowingsections
wheretheessentialcomponentssxebriefQ described.Thesefeatures,
whichavealreadybeenmentioned,are(1)tbS-useofa constant-volume
gasthermometerasthsworkingthermometer,ratherthanthemorecommon
semiconductingresistanceelements;(2)theinclusionfthessmple
directlyinthechsmberofthegasthermometertoassurethermslcontact
betweenthesampleandthegas;(3)a coo13ngmethodw~ch employsa
Moneltubetotransferthecoolingagentothessmplecontainer,thus
avoidingtheuseofheliumexchangegasinthevacuumjacket;and(4)the
useofanadiabaticshieldemployinga s~cialthermocoupletoindicate
thetemperaturedifferenceb tweenthesempleanditsenvironment.
CryostatAssembly
A schematicdiagramofthecryostatassemblyisshowninfigure1.
LiquidheliumiscontainedintheglassDewarvessel(1.12),whichis
supportedbythebrasscylinder(1.8).Thespaceabovetheliquidhelium
. leadstothetube(1.3),throughwhichitispossibletoevacuatethe
. ..—. . .. . .--------- — -— —
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liquid-heliumcheniber.The&war issuz&oundedbya protectiveenvelope
ofl.iquldnitrogencontainedtitheglassDewsrvessel(1.5).
Thecentralportionoftheapparatusexbendingdownwardintothe
liquid-heliumDewarendswiththevacuumjacket(1.15)whichhousesthe
samplecontsd.ner(1.18).andtheadiabaticshield(1.17).l!hevacuum
jacketcanbeopenedandclosedatthesoft-solderjoint(1.16).These
componentsareultimatelysupportedbytheheavybrassplate(1.4)con-
nectedtoa steelframeuponwhichisfastenedmostoftheauxiliemy
equipmentsuchasmanometers,gas-measuringbulbs,cliffusionpumps,and
electroniceqtipment.ThevacuumjacketissuspendedfromtheMonel
tube(1.13)whichasawallthicknessof0.008 inch. T& jachtis
evacuatedthroughthetube(1.2)nearthetopoftheapparatus.The
vacuuminthisenclosureismonitoredbya helhnmass-spectrographfisk
detector,vacqmsoftheorderof10-9millimetersofmercury(I&)being
maintainedduringtheoperationfthecalorimeter(ref.6).
InsidetheMonelttie(1.13)isa coaxial.Moneltube(1.14)extending
downtothelevelmsrked(d).Thistubeisopenatthetopandserves
asa reentrantwelltoholdliquidnitrogen.Thewellshieldstheinte-
riorofthevacuumjacketfromradiationfromaboveandmaintainsthe
thermometertube(1.6)ata constent- emWrature.@ reentrantweu iS .
su~ortedbythecoppering(1.10)whichissolderedtothewelland
towhichtheu~r andthelowersectionsoftheMoneltube(1.13)me
soldered.A seriesofverticalholesintheringprovidea freepath
forevacuationthroughtheannularspace.!Checopperdisk(1.11)extends
outwardfrcmthering.Be5nginthermalcontactwiththenitrogenwell,
thediskformsa radiationshieldprotectingtheliquidbel.imni the
lkwsx. TheSylphonbellows(1.1)and(1.7),aswellasthezigzagbends
inthethermometertube(1.6),servetoeliminatestrainscausedbydif-
ferentialthermalexpansionfpars31elcomponents.
Ssmpl.eContainer
Thessmpleconiwlner,showninfigure2,isfabricatedfromcopper
anddividedintotwochmibers.Theupperchsmber(2.1)servesasa
receptacleintowhichl.igyidheliumdropsduringthecoolingprocedure
andcanbeusedasa vapor-pressureth rmometer.Thelowerchsmber(2.2)
containsthessmphandservesasthegas-thermometerbulb.Thessmple
containerisprovidedwithtwobottomsofthessmematerialandthessme
weight.Bottom(2.3)isusedforthemeasurementoftheheatcapacity
oftheemptyssmplecontainer.Whensolderedinplace,itprovidesa
volumeofabout25cubicentimetersforthehelimgas.Bottcm(2.4)
istiedwhenthessmpkisintroducedintothessmplecontainer.The
volumeamilabletothegasisnowadjustedto25cubicentimetersby
anappropriatechoiceoftheemountofthematerialunderinvestigation.
Thus,usingapproximatelyqualsmountsofheliumgasforeachseries
ofdeterminations,uncertaintiesnthespecificheatofheliumare
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largelyc&celedout.!Chebottomsaresoftsolderedto
taineratthejoint(2.5). ~ windingofNo.36Advance
exteriorofthesamplecontainerservesasa heater.
AdiabaticShield
7
the ssmplecon-
Wireonthe
Theadiabaticshield(fig.2)consistsofa so~dcopperblock(2.7)
woundwitha beaterofNo.36Advancewire.Underneathiswindingis
a helicalgroovehavinga lengthofabout15inches.Thecurrentand
thepotentialleadstothesample-containerheaterarecementedin%o
thisgroovetoinsuregoodthermslcontactwiththeshield.Afterthe
ssmplecontainerisfastenedinplace,thecoppercytir (2.8)enclosing
thesidesofthesamplecontainedissolde=dtothebottomoftheshield
block.Thetenpraturedifferenceb tweenthesamplecontainerandthe
shieldisindicatedbya cobslt-goldtosilver-golddifferentialthermo-
coupleandreadona LeedsandNorthruptyp H.S.galvanometers.All
wirescomingfromtheadiabaticshieldarethermallybondedtothetop
ofthevacuwnjacketbeforePassingupthroughtheann~ spacebetween
the
. the
support~-tubes(1.13)&d th&~Kl (1.14)(seefig.l)-andoutof
vacumsystemthroughanApiezonwaxsealatroomtemperature.
Manometer
Figure3 isa schematicdisgrsmofthemanometersystem.Thecenter
colmnisa glasstube2.5centimetersindiameterandsmewhatmorethan
76centimeterslong,theupperendofwhichisconnectedtoa dtifusion
pumpthroughthetube(3.17).Theotherarm(3.14)isconnectedtothe
thermometertubeissuingfromthessmplecontainer.Thelowerendsof
thesetubessresealedintosteelcupswitho-rings.Mercurytravels
betweenthecupsthroughthe connectionsofweldedsteeltubing(3.12).
Thedifferenceb tweenthemercurylevelsintubes(3.14)and(3.15)
givestheabsolutepressureinthessmple-containerbulb.
Sincethespaceabovethemercuryintube(3.14)isa portionof
theconstsnt-volumegasthermometersystem,theqpantityofmercuryin
themanometermustbecontinuouslyadjustedsothatthelevelinthe
tube(3.14)isconstant.Thislevelisdefinedbythepointofa steel
needlefixedintheads oftbetube.Theautomaticadjustmentofthe
mercurylevelisaccomplishedbyalteringthepressureofairabovethe
%be wireforthethermocouplewasobtainedthroughthecourtesy
ofDr.W.IkSorboftheGeneralElectricResesrchLaboratories,
Schenectady,N.Y. Thecompositionswere96.8 percentgoldwith3.2 ~r-
. centcobaltand99.615~rcentsilverwith0.325percentgold.
. . . . ... ._ .-— ___ —— — .— —. —— —— — —— .-. .
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&rcurysurfaceintube(3.U.). Themagnitudeofthepressureinthis
tubeisdeterminedbythebalancebetweentherateatwhichairispumped
outthroughthethrottlevalve(3.10)andtherateatwhichitleaksin -
throughtheporousglassdisk(3.9).Onlyairpassesreadilythrough
thisdisk,mercurybeingheldbackunlessconsiderablepr ssureisapplied.
Thus,whenmercury,whichfillstheU-tulEbelowthedisk(3.9),rises
tocoverthesurfaceofthedisk,theairleakissto~d. Theslight
motionofthemercurysurfaceatthedisk(3.9)iscausedbythesolenoid
-t (3.8)WM* actsont~ _ iron~i~ (3.7)rest- upont~ .
mercurysurtace.13nergizingthesolenoidliftstheweightandcauses
thelevelintheU-tubetofall.,e~osingtheporousdisk(3.9).Air
thenleaksintotube(3.11)fromtube(3.5).Thepressureintube(3.5)
iskeptatalltimesabout30millimetersHgUgberthanthatin
tube(3.ll)byregulatingtherateatwhichairenters(3.5)fromthe
outsidebymeansofsnotherporous-disk-solenoidc mbination,(3.4)
and(3.3).
—
Thepowertothesolenoidmagnet(3.8)isdeliveredbytheplate
circuitofa 2DZZItube,thegridofwhichreceivesa negativebiaswhen
mercuryintube(3.14)touchestheneedleaboveit. Similarly,contact
betweentheprobe(3.1)andthemercuryintube(3.2)controlsthepower
tothesolenoid(3.3).Tbeballast(3.6)servestocutdowntheamplitude-
ofoscillationsfthemercuryintube(3.14).Thefrequencyofthe
oscillationsisabout1 persecond,andtheamplit&leislessthan
0.02millimeter.Rapidadjustmentsofthemercurylevelcanbecarried
otimanuallywitha cy~nder-and-pistonarrangementconnectedtothe
manometerat (3.13).
Alongthe axis ofthetube(3.15) andenteringthetubethrougha
vacuum-tighto-ringseal(3.18)istheprobe(3.16),thelowerendof “
whichbesm a steelneedle.Theu~r endoftheprobeisconnectedto
themicrmeterscrew(3.21)whichiscoupledtoa Durantcounterbymeans
ofthetube(3.20)tithe nut(3.22).Verticalmotionoftheprobeis
broughtaboutbytherotationofthenut.Forrelativelyrapidchanges
thenutisrotatedbya reversibleelectricmotor,whilefineadjustments
canbep&rformedmanually.A pressurereadingistakenwhentheneedle
attheendoftheprobetouchesthemercuryinth (3.15).Thisis
indicatedbya flashofa neonsignalampactuatedthrougha thyratron
circuit. ThepressureisreaddirectlyinmillimetersontheDurant
counter,whilefractionalpartsofamillimetersxereedonthegraduated
ring(3.19).Thewholemanometerstructureisenclosedina cabinet
thermostatedoti.020C. Themanometerhasbeen
pressurereadingsto
Tbecalorimeter
containerisstarted
M.02 millimeterofHg.
OperationfCalorimeter
iso~ratedasfoll.ows:The
withliqyidnitrogeninboth
foundtoreproduce
-,-
coolingoftheSsnlpk -
lkwarvesselsand
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nitrogengasata pressureofabout1~ millimetersofHginsidethe
vacuumjacket.Whenthesystemhascooledtoabout80°K,thenitrogen
. gasispumpedotiofthevacuumjacketandtheliquidnitrogeninthe
. innerDewsrisreplacedbyliquidhelimn.
BYmeansofthetwoconcentricMoneltubes,(1.9)and(2.6),passing
throughliquidheliumandleadingintotheupperchamberofthssample
container,coldheliumgasiscirculatedthroughtheadiabaticshieldand
theupperchamberofthesamplecontainer.Asthesebecomecolder,some
liquidheliumstartsdrippingdownthroughtheshieldintothesample
containerwhereitreevaporates,absorbingheat.Refluxingcontinues
untilthetemperatureofthesamplecontainerandcontentsfallssuffi-
cientlylowforliquidheliumtocollectinthechamber.Whena few
cubicentimetersofliquidhavecollected,thepressureontheI.igpid
isreducedtoslightlylessthanatmospheric,whereuponthetemperature
adjustsitselfaccordingly.Duringthecoolingprocedureh liumgas.
hasbeendrawnintothegas-thermometersystemfroma calibratedand
thermostatedglassbulb.Thequantityofgasischosentogivea pres-
sureofaboutl&lmillimetersofI&at4°K. Atthispoint hevapor
pressureoftheliqddheliumintheligyefactionchamberandofthe
helimn-gaspressureinthelowerchamberofthesamplecontainera e
.
measumdsimultaneously.Theliquidisthenremovedfromtheupper
chsmberbypumpingitthroughthetube(1.9)(fig.1).
Fromthispointhemeasurementsproceedbytheusualmethodemployed
inadiabaticspcific-heatcalorimetry.A seriesofmeasummentsismade
toascertainthatthetemperatureofthessmpleisconstant,asevidenced
byconstant-pressurereadingsonthemanometer.A measuredqpantityof
heatisintroducedintothesamplelectrically,andobservationsoftem-
~ratureareagainmade,followedbyanotherheatingperiod,andsoon.
Theratioofenergyinputotheclifferenceofthetemperaturesb fore
andaftereachheatingperiodgivestheheatcapacity.Duringtheheating
aswellastheratingperiodsthetemperatureoftheadiabaticshieldis -
keptasclosetothatofthessmplecontaineraspossible.
Electricalmessurementsaremade,withaWhitedoublepotentiometer
inconjunctionwitha IeedsandNorthruptypeH.S.galvanmeter.The
optic&1systemissuchthatthesensitivimisapproximately0.04micro-
volt~r millimeterscdledeflection.
Conversionfpressuretotemperature.-Pressureisrelatedto
temperatureasfollows.Thetemperatureofa constant-volimegasther-
mometeroisgivenby
PP.
.- .— --- —-— --— —.— ,—. - —-—— -—— ———-
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“whereP isthepressure,V1 isthevolumeofthethermometerbulb,
~ isthetotalnumberofmolesofgasinthesystem,R isthegas
constant,vi isanytermh theseriesVn, Ti isanyterminthe
seriesTn,aud f(T,P)isa factoraccountingforgasimperfections.
Thedeadspaceisdividedintosec%ionsV2, V3, l l . Vn corre-
spondingtoregionsofconstanttemperatureortoregionsforwhichthe
thermelgradientisknown.Thetemperatures(or,fortheregions@
thermalgradient,he“effective”temperatures)correspondingtothese
volmesareindicatedbythetermsT2, T3,. . . Tn. Theeffective
temperaturesforthegradientsshouldinprincipleb determinedby
integratingthefollowingexpressionbetweenappropriateMmits:
Thecross-sectionalareaofthetubeisrepresentedby A,thedifferen-
tialoflengthis dZ,and T isthetemperatureatanypointalongthe
tribe. Intherelativelysmalltemperaturerangesinvolved,thevari-
ationofthethermalconductivityofMonelwtthtemperaturecanberepre-
sentedbya linearequation.Thismekesitpossibletoobtaina steady-
statexpressionforthevariationftemperaturealongthetubewhich
renderstheaboveqyationintegrable.ThiSmethodofcal.@tingths
effectivet npraturegaweresultswhichclifferedsignificantlyfromthe
.
arithmeticaverageonlyforthe
heliumbathandthetemperature
Thenumberofmolesofgas
mined~ctly bymeasuringthe
fitroducedintothethermometer
Thedead-space-volumes,V2 to
bymeasuringthevolumesofthe
difference-betweenthetemperatureofthe
ofthenitrogenwell..
inthethermometersystem~ isdeter-
pressureandvolumeofthegasasitis
systemfroma thermostatedglassbulb.
inthepresentcase,weredetermined
~ferentsectionsofthethermometer
&be before-assembly.Thetemperaturesofthedeadspacesarerepre-
sentedasfollows:T2 istheaverageofthetemperaturesatthe
‘ points(a)and(b)infigure1,thatis,theaversgebetweenthetem-
peratureofthessmplecontainerandtheliqpid-heliumbathjT3 is
thetemperatureoftheliquid-heliumbathjT4 istheeffectivet mpera-
turebetweentheliquidheliumatthepoint(c)andliquidnitrogenat
thepoint(d)j T5 isthetemperatureoftheliquidnitrogeninthewell,
indicatedbya copperconstantanthermocouplej T6 istheaveragebetween. -
thepoint(e)atliquidmitrogentemperatureandthepoint(f)nearroom
temperaturej end T7 isthetemperatureofthemanoyetercabinet.The
functionf(T,P) isobtainedfromtheequationofstateforheliumwith
.
. —— .-—. .-— ——..—. ..— . -.
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threevirialcoefficients.TIEvolumeofthethermometerbulb V1 is
determinedbyemployingtheresultsofmeasurementsdescribedinthe
. sectionentitled“OperationfCalorimeter.” Itwasstatedinthatsec-
tionthataftera fewcubicentimetersofliquidheliumhavecollected
intheupperchamberofthessmplecontainer,simultaneousmeasurements
aretakenoftheheliumvaporpressureinthischamberandofthehelium
gaspressureinthelowerchamber.Thetemperatureofthesamplecon-
tainercanbecomputedfromtheheliumvaporpressure.SinceT and P
areknown,VI canthenbecalculatedfromtheequationfor T.
Calculationofheatcapacity.- Theheatcapacityofthessmpleat
a particulartemperatureisobtainedbysubtractingtheheatcapacity
ofthesamplecontainerandoftheheliumgasinthesemplecontainer
fromthetotalmeasuredheatcapaci~.I?elow5°K andatthepressures
employedinthese ~rimentsthedepartureofheliumfromidealbehavior
causesthebeatcapacitytobeslightlylowerthan“theidealvalue.Cor-
rectionsweremadeemployingthevirialcoefficientdatacollectedby
Kkesom(ref.7). Itshouldbenotedthatthequantityofheliuminthe
thermometerchamberdecreasescontinuouslyasthetemperatureofthe
chsmberisraiseduringtheheatingperiod.Thisvariationi thenum-
. berofmolesofgasmustbetakenintoaccountincomputingtheeffec-
tiveheatcapacityofhelimn.Detailsofthiscalculationsrepresented
.intheappendix.
Limitationfequipnent.-Theprecisionftheheat-capacitymeas-
urementsisdiscussedindetailinthesections.wheretheresultsof
measurementsontitaniumandona hydrideoftitaniumarepresented.
Theauthorsareawareofthepossibilityofheliumbeingadsorbed
uponthessmpleinexperimentsofthiskind.Anappreciableamountof
adsorbedheliumwouldintroduceerrorsinthermometryandwouldalso
contributeotheeffectiveh atcapacityofthesystembecauseof
resorptionheating.Thessmpl.esusedintheseinvestigationswere
oflowsurfacearea(asmeasuredbykrypton”adsorptionisotherms)and
thesmountofadsorbedheldutnisbeldevedtobenegligible.Itisclear,
however,thatattemptstousefinely
eterwouldleadtodifficulties.
HEATCAPACITY
dividedmater~&inthiscalorim--
ExperimentalProcedure
!l!heeqe-nts wereconductedona massof384.39o&rams(8.0289gram
atoms)ofhigh-puritytitaniumbarwhichwasusedinmeasuringtheatomic
. heatoftitanium.ThematerialwasmanufacturedbytheFooteMineral
—.. ..—. — . .——
..-— —— -——
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VanArkelprocess(thezmaldecompositionoftitanium *
Spectrographicspotchecksmadebythecmnpanyshowedthat
themateri~man~act&d-byth&nwasgeneralJyof99.95~o 99.99percent .
purity,a typicalanslysis,giveninpercent,being:silicon,O.005;
aluminum,O.0001;magnesium,O.0002;manganese,O.001;chromium,O.0005;
tin,060001;iron,0.0003;nickel,0.0001;cal.cim,0.0005;copper,0.001;
carbon,0.001;oxygen,0.002;andnitrogen,0.002.
Thetitanium,receivedintwo19-inchbarsabout0.375inchindiem-
eter,wassawedintopiecesappro~tdy 2.8incheslong.~ material
wassealedina Pyrexflaskwhichwasthenevacuatedandflushedwith
high-purityhe~umgasthreetimes.Afteranneslingfor3 hoursat
500°C inheliumatmosphere,thetit-urnwascooledslowlytoroomtem-
peratureandsealedinthecalorimeter.
Theheat-capacitydeterminationwasmadeinthefolJ_owingsequence:
16measuremerctsbetween5.686°sad15.555°K,5measurementsranging
from3.94-6°to5.86T0K,5measurementsfromu.691°to14.287°K,and
7measurmentsbetween6.~“ and10.243°K. Afterthefirst26meas-
urementsthesemplecontainerwasevacuatedanda newquantity~ of
heli~gaswasmeasuredoutandintroducedintothegas-thermometersys- .
tern.Thevolumeofthethermomet rbulbVl wasdeterminedatfive
differenttemperatures,threet-s withthefirstfilli-ngandtwotimes
with
heat
the second. The?+was~no systematic
capacitywithdifferentfi~gs.
deviationi V1 orinthe
ofametalatlowtemperatures
is,accordingtothe@byetheory,representedbytheexpression
wheree isDebye’scharacteristictemperatureand T
temperature.Thecontributionoftheelectronstothe
pergramatomofmetalisgiven,accordingtothe
bytheexpression
istheabsolute
heatcapacity
free-electroitheory,
---- -. —.-.— —— -.-——- . ..-
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wherek isBoltzmann’s constant,g(e’) isthedensityofstatesat
theFermilevel,~ isthetemperaturecoefficientoftheelectronic
. specificheat,and T istheabsolutetemperature.Thetotalheat
capacityisthesumofthesetwoexpressionsandisgiven~
c.fl+p~
Thismaybewrittenintbemoreconvenient
c
-=Y+~T2T
Thus,accordingtotheory,a plotof C/T
fOrm
straightline,theinterceptofwhichis 7,thetemperaturecoefficient
oftheelectronicspecificheat,andtheslopeofwhichisrelatedto
theDebyee. Theexperimentalpointsfortitaniumplottedinthis
mannerfallclosetoa straightlineupto13°K. Abovethistempera-
tureanupwardcurvatureb comesnoticeable.Theplotisshownihfig-
ure4. A least-squarestreatmentgavethefollowingeqpationforthe
‘-
“best”straightWE throughtheexperimentalpointsbelow13°K:
c 3.38 x 10-3+ 2.596x 10-%2 joules-=T
l?romthisequation7 isseentobe3.38
temperaturee isfoundtobe421.5°K.
intable1.
g atomdegz
.
x“10-% Thecharacteristic
Theoriginaldataarepresented
Precision
gra@icalQrepresentedinTM precisionfthemeasurementsis
figure5wherethedeviationfthemeasuredvaluesoft@ heatcapaci~
fromthevaluescomputedfromthe least-squareseqyationisplottedas
a functionoftemperature.For26pointsbelow13°K theasmragedeti-
ationis1.57percent.
Discussion
Inthisdiscussionthevaluesof 7 and tlobtainedfromthe
. heat-capacitymeasurementsofpuretitauiumarecomparedwiththose
Estermann,Goldman,andlhiedberg(ref.4)whomademeasurementson
.
sampleoftitaniumfrcmapproximately2°to4°K. Theyfoundthat
of
a
.—. . _____ ——. —
——. —..—— —
-.. —_ .—- .
—.
.
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y = 3935x 10-3 j-s whichisinexcellentagreementwithg atomde~
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A
the
resultspresente~herein.-Theirvaluefor 0,however,is280°K,which 4
isconsiderablylowerthanthevaluefoundinthisresearch.Kothenemd
Johnston(ref.8)reporta valheof360°K for e whichisbasedupon
measurementsextendingdownonlytoabout15°K.
Itisdifficulttoindicatewithcertair@thecauseoftbedis-
cre~cybetweenthevalueof e obtainedinthepresentinvestigation
endthatreportedh reference4. Thepurityofthessmplesusedin
reference-4wasstatedtobeapproxhnately99percent..Itisquitepos-
siblethatsmalJ.smountsofimpurities~ profoundlysffecttheelastic
propertiesofthemetalandthusreducee withoutsensiblyaltering
thepopulationftheenergylevels.
HEATCAPACITYOFA IUIXUIZOFTITANIUM
ExperimentalProcedure
.
Thehydridesamplewaspreparedaccordingtothefollowingpro-
cedure:Sticksof.high-puritytitaniumbarwereplhcedina furnacein
a Pyzwxtube.Thetaibewasconnectedtoanexternslsystemwherebythe
sampletubecouldbeevacuatedanda knownamountofhydrogenmetered
involuuetricddy.Tbetitaniumwasprotectedfrompossiblecontamina-
tionfromtheglassbyliningthePyrextubewithplatinumfoil.Tha
hydrugenwaspurifiedbypassingitthrougha charcoaltrapunderhigh
pressureatthetemperatureofliquidnitrogen.
Thehydrogenwastakenupnpidlybythetitaniumat500°to550°C
afterwhichthesemplewasallowedtoremainsealedinthefurnacefor
about20hours.Itwasthencooledtoabout330°C,heldtherefora
fewhours,andtheneJlowedtocooltoroomtemperature.Thecmnposi-
tion,as“detetinedbyweighingbeforeandsfterintroducingthehydro-
gen,was7.558grsmatomsoftitaniumand2.563gramatomsofhydrogen.
X-raypowderphotographsofthessmpleshowedthepresenceofboth
a and 7 phases.
Results
Twenty-fourheat-capacitymeasurements
mately4°and15°K. Thedataaregivenin
wasagainfoundtoobeytherelationshipC
weremadebetweenapproxi-
tableII. Theheatcapacity
= fl+ ~d uptoabout13°K,
. _.—_ . . — . ..—. _. ._. _
——.-— . —
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anda least-squaresproceduregavetheeqpation
c = 0.0242!!+2:294XIO-& joules/deg
15
A plotof C/T versusT@ isshowninfigure6.
Inordertoevaluatetentativelythespecificheatofthe 7 tita-
nium,itwillbeassumedthattheboundaryonthephasediagrambetween
theregionofhomogeneousa andthetwo-phaser gionof a plus y
liesat50atomicpercent.Thisisappro-tel.ythevaluesuggested
byLaming,Craighead,andJaffee(ref.2). Thepresentsamplethencan
beconsideredtoconsistofessentiallypuretitaniumTi sndthehydride
canbeconsideredtohavea compositionrepresentedby TiH. Sincethe
overallcompositionofthessmpleis25.33atomicpercenthydrogen,the
actualquantitiesofthetwophasespresentsre4.993gramatomsoftita-
niumand2.563mOkS of TiH. Subtractingtheheatcapacityof4.993grsm
atomsof Ti frm thetotalheatcapacityofthehydridessmplegives
c = 0.00~T+ 0.998X 104& joules/deg
Dividingthroughbythenuniberofmolesof TiH leadsto
c 0.00285T+ 0.389x 10-%3 joules= degmoleTiH
Thismsybecomparedwiththecorrespondingequationforpure Ti which
is
c = 0.00338T-1-0.260x
Theelectronicheatcapacityof
joules
1O-+P
degg atcunTi
TiH isonlyslightlylowerthan
that ofPureTi. SinceTi and TiH belongtoclifferentcrystalsys-
tems,itisimpossibleatpresentoascribethisclifferenceunmibiguousl.y
tovariationi thedensityofstates.Thevalueof 0 for TiH com-
putedfranthesedatais368°K.
Precision
.
Theprecisionfthemeasurementsonthehydrideisrepresented
gra~c- ~ fi&Wre7>w~re * detiationfthemeasuredvaluesof
. theheatcapacityfromthe values computedfromtheleast-squaresequation
. ..— . . . ..--—..—.——-. ———.
—. ———- —-——--——
—-—
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isplottedasa functionoftempera-. Theaveragedetiationis
0.56percentfor21pointsbelow13°K. Thisimprovementoverthepre-
cisionforthetitaniumsmplearises,atleastinpart,fromanincrease
intheskilJ_oftheoperatorsa theygshedexperiencewiththeapparatus.
UniversityofPittsburgh,
Pittsburgh,Pa.,August8,1955.
.
.
.
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CALCULATIONOF
OFHIIUUM
AJ?PENDIX
EFFECTIVEH ATCAPACI!l%
GAsINTHERMOMWTIZR
Theeffectiveh atcapacityofheliumgasinthethermometer~
becalcul.atidasfold.ows:
Foranown system
dq=nTdS (1)
whereds isthechangeofentropyofa systemof n molesofmaterial.
atthe&mperatureT duetothereversibleabsorptionfa changein
quantityofheat dq.
E v isthemolarvolumeoftheheliumgas(nv= V istheactual
volume),thechangeinentropycanbeexpressedas
Since
()* _%r=V T
where@ istheatomicheatofheliumgasatconstantvolmne,and
(8)T=(S)V
whereP ispressure,quation(2)becomes
ds= $iT+ ()aP. %Vdv
(2)
(3)
. . . . . . .—— ..-— —.. .— —. . .... _ _ _.
.
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.
Assumingtheidealgaslawtobevalid,whereR isthegasconstant,
amdegpation(3)becomes
~_% d!r+$dv
T
Substitutingthisintoequation(1)gives
dq=n@dT+n
()
~ dv
or
dq=~dT+nPdv
Fromtheideagashw
Thistransformsequation(4)into
dq= ~&T!+
Now,
qRdT-vdP
de=+l++m
Conibiningeq..tions(5)and(6)yields
dq,=~dT-RTdn
(4)
(5)
(6)
. -. —_. —..—_— .——— -——. ._— _ ..-— _—
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Applyingthis
whereq is
thenumberof
equationtotheheliumgasthezmometergives
dfq = nlCvdT1-RT1dnl (7)
theatomicheatof hekhmgasatconstantvolume,nl is
molesofheliuminthethermometerbulb,and T1 isthe
temperatureofthethermometerbulb.
l&omtheprecedingequations
dP=
(8)
(9)
(lo)
(u) “
(1’)
Sincetheobjectistocomputetheheatcapacityofthegas,theterm
.
~ (v/T)nowincludesallvolumesinthethermomet rsystemexcepthe
L
thermometerbulbandone-hsJfofthevolumeofthetubeconnectingthe
ssmplecontainerandshield.
. . ..—- _.-. .. —- —-—— ——. —.... . ..- ——.—--- —— -
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Combiningequations(7),(8),(9),and(II)@ves
TheatomicheatofheLhxnatconstantvolume(see&esom,ref.7)
is
(13) .
whereC isthethirdvirialcmfficientforheliumand p isthe
densityinmoles~r liter.Atpressuresmployedinthe-sent calo-
rimetertheterm~ ~ ‘2(CT) issignificantonly’belowabout4.5°K.
‘T’
Thus,attemperaturesb tween4.5°and15.5°K thebeatcapacityofhellimngasistakenas
(14)
Below4.5° K t%eheatcapaci~iscomputedfrom
inconjunctionwiththevirial-coefficientdataforhelium.
.
.
—- —.——.—— —.. .
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!lMBLIII
MWXIRED-HIUITCAPACI!lYOFTITANIUM
T,% c joules
‘d.eggatom’
5.686 2.30X1O-2
6.316 2.75
6.986 3.16
7.640 3.70
8.288 4.26
8.953 4.g8
9.62I 5.n
10.319 6.I2
IL042 7.15
u. 693 8.17
u. 336 9.20
u.978 9.87
13.619 10.68
lk.233 32.4
14.899 14.0
15.555 15.5
3.946 1.45
4.450 1.71
4.917 1.98
5.381 2.19
5.867 2.56
u. 691 7.98
12.344 8.98
12.998 10.17
,13.648 10.92
14.287 1.2.6
6.348 2.90
6.984 3.28
7.618 3.87
8.253 4.36
8.898 4.90
9.559 5.54
10.242 6.33
15.12g 15.3
15.757 16.7
. .. .. . .... ..— —. -—— _-—_—
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TABLE11
.
HEATCAPACITYOFHYIRIDESAMPLESCONNUNING
.
7.558GRAM!OMSTi+ 2.563GRAMmom H
T,OK
;.g~
5:931
6.457
6.993
7=537
;.09;
9:229
9.787
10.349
10.914
11.484
12.049
12.614
13l 180
13.749
14.322
14.893
15.457
16.021
16.590
17.157
17.722
3.@35
4.427
4.990
5.459
5=959
6.513
16.672
17.236
17.802
~ joules
> aeg
0.143
.168
.mg
.214
.247
.281
.323
.364
.404
.452
.505
l559
.624
.690
.762
.849
.928
1.023
1.142
1.235
1.371
1.504
1.6k9
1.798
.983
.129
.150
.169
.191
.221
1.552
l.~~
1.841
. . .- .—. —-—. .— --.—— —--— .—
. . ... —.
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Figure2.-Samplecontainer.
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Figure~.- Deviationof measuredatomicheatvaluesof titaniumfrom “
valuescalculatedby eqzation C = 3.38 x M-%! + 2.396 x 10-%!3
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atomTiand2.563grama-tomeH. Equationfor stra~ght
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